The adenoma to carcinoma sequence (Fearon and Vogelstein, 1990 ) may, in some cases, be accelerated by DNA instability in cancer cells which are acquired as a result of mutations in DNA mismatch repair genes (Fishel et al, 1993; Papodopoulos et al, 1994) or their epigenetic silencing (Kane et al, 1997) . The DNA mismatch repair (MMR) gene products recognise and repair mismatched DNA sequences. The loss of normal DNA repair mechanisms in a cell results in numerous widespread additions, deletions and substitutions during cell division. This change, known as DNA instability was originally identified in tumours from patients with colorectal cancer (Ionov et al, 1993) . It has been found subsequently to be associated with hereditary non-polyposis colorectal cancer (HNPCC) (Aaltonen et al, 1994) and has since been also identified in some sporadic tumours (Thibodeau et al, 1993) . DNA instability is conventionally detected by the PCR amplification of repetitive microsatellite sequences found scattered throughout the genome. Length mutation in these oligonucleotide repeats is termed microsatellite instability (MSI) (Thibodeau et al, 1993) . Until recently, no uniform consensus existed for the detection of microsatellite instability (MSI) (Boland et al, 1998) and since its discovery in 1993, a profusion of approaches for MSI detection have evolved leading to difficulty in comparing results . By 1997, this resulted in the rationalisation of the method for MSI detection (Dietmaier et al, 1997) and the recommendation by an international consensus panel of a group of microsatellite loci to be examined (Boland et al, 1998) . With time, the utility of the recent international consensus in dealing with these difficulties will become apparent.
Minisatellites are also repetitive DNA sequences, but the repeat length is 9-45 base pairs in length. Minisatellite alleles display remarkable variability in the repeat unit sequence that may be analysed using PCR (minisatellite variant repeat unit mapping, MVR-PCR) (Nakamura et al, 1987) . Somatic mutation of minisatellite allele length has been observed in tumour cell lines prior to the discovery of MSI or its association with MMR genes (Armour et al, 1989) . However, there has been no systematic examination of minisatellite mutation in colorectal cancer nor is it known whether any such mutations are related to MSI.
The hypervariable D7S21 locus has 405 bp of flanking DNA and contains two minisatellite alleles (MS31A and MS31B) separated by 15 bp (Neil and Jeffreys, 1993) . MS31A repeat units have two adjacent sites of base substitutional polymorphism; G or A followed by C or T, and all repeat units are 20 bp long. These features satisfy the criteria for MVR-PCR.
MVR-PCR reactions consist of two separate reactions each containing a repeat unit specific primer (31-TAG II-AC or GT), a primer specific to a fixed point in the MVR flanking DNA (31A), and a driver primer (TAG II) specific to an extension on the repeat unit specific primer. At low concentrations, the repeat unit specific primers 31-TAG II-AC or GT attach to one repeat unit subtype per target minisatellite molecule and extend into the flanking DNA. Priming also occurs from the flanking DNA creating a sequence with an end complementary to the TAG II primer. Amplification now occurs efficiently with high concentrations of TAG II and the 31A to create a stable set of products extending from the flanking DNA to each repeat unit subtype (AC or GT).
The aim of this work was to determine whether minisatellite instability was manifest in colorectal cancer, specifically in patients known to have MSI. In this paper we provide evidence that DNA instability may be detected by MVR-PCR including in cases with a MMR gene mutation where MSI has not been observed.
METHODS

Patients
Patients undergoing resection with sporadic colorectal carcinoma were selected consecutively. Fresh samples of tumour and normal colonic mucosa were taken at the time of surgery and snap frozen in liquid nitrogen. Patients with known HNPCC also had fresh samples taken at the time of resection from index cases with colorectal cancer. Clinical details and histology were recorded.
DNA extraction
Genomic DNA was extracted by a variation of the phenol/chloroform method. Briefly, sections were ground and suspended in 200 µl phosphate-buffered saline (PBS), proteinase K (200 µg ml -1 , ICN, Basingstoke, UK) and 0.5% N lauryl sarcosine (BDH, Poole, UK). They were incubated for 3 hours at 55˚C with 300 µl water saturated phenol (Lancaster Synthesis, Morecambe, UK), extracted twice, and chloroform (BDH) extracted and precipitated with twice the volume of 100% ethanol and 0.03 M sodium acetate (pH 5.3). The pellet was washed with 1 ml of 70% ethanol, air dried and resuspended in 100 µl × 1 Tris-ethylene diamine tetraacetic acid (Tris-EDTA) pH8.0. DNA quality was checked on a 0.6% agarose gel by electrophoresis. Quality was confirmed by control PCR for a fragment of the glyceraldehyde-phosphate dehydrogenase (GAPDH) gene: 0.2 mM dNTPs (deoxynucleotide triphosphates) (Pharmacia Biotech, St Albans, UK), 1 × PCR buffer (Biogene Ltd, Cambridge UK), 1.5 mM MgCl 2 , 2% DMSO (dimethyl sulfoxide) (Sigma, Poole, UK), 75 ng of forward and reverse primer specific for the GAPDH gene (5′-AGTACGCT-GCAGGGCCTCACTCCTT-3′, 3′-AAGAGCCAGTCTCTGGC-CCCAGCCA-5′, Cruachem, Glasgow, UK), 0.5 units Bio/Polythermase™ (Biogene) and 0.5 µl genomic DNA. Sterile water was added to each mix in a 0.5 ml microfuge tube to make up a final volume of 25 µl. Tubes were placed in an automatic thermal cycler (Techne, Cambridge, UK) and denatured for 3 minutes at 94˚C followed by 35 repeated cycles of 94˚C for 30 seconds, annealing at 58˚C for 30 seconds and extension at 72˚C for 30 seconds. This was followed by a final elongation step at 72˚C for 2 minutes. A negative PCR reaction control (using sterile water in place of genomic DNA) was used in all reactions. 10 µl of each product was separated with 3 µl of bromophenol loading dye by 8% non-denaturing polyacrylamide gel electrophoresis (PAGE) against 5 µl λHindIII size-fragmented DNA marker (Promega, Southampton, UK).
MVR-PCR primers (Oswel Synthesis, Southampton, UK)
31A 5′ CCCTTTGCACGCTGGACGGGTGGCG 3′ TAG II 5′ GACACTCACAAAGAACAACGGACA 3′ 31-TAG II AC 5′ GACACTCACAAAGAACAACGGACATCTGTGGGAG-GTGGAC 3′ 31-TAG II GT 5′ GACACTCACAAAGAACAACGGACATCTGTGGGAG-GTGGGT 3′
MVR-PCR amplification
Each 25 µl PCR reaction used 100 ng genomic DNA, 1.5 mM magnesium chloride (MgCl 2 , Biogene), 2% DMSO, 0.2 mM each of dATP, dCTP, dGTP and dTTP, 1 µM 31A, 1 µM TAG II, and 20 nM 31-TAG II AC or GT, and 0.5 U Bio/Polythermase™ according to the manufacturers conditions. Products were amplified in a Techne PCR thermocycler with one denaturing step of 94˚C for 3 minutes, 52˚C for 30 seconds and 72˚C for 15 seconds, 10 cycles of 94˚C for 30 seconds, 52˚C for 30 seconds and 72˚C for 15 seconds, 25 cycles of 94˚C for 30 seconds, 62˚C for 30 seconds and 72˚C for 15 seconds, finally, extension at 72˚C for 2 minutes. The products of PCR were separated immediately by electrophoresis on a 8% non-denaturing polyacrylamide gel with a PhiX174 Hinf I DNA marker (Promega, Southampton, UK). The gel was then stained with ethidium bromide (Sigma) and photographed under ultraviolet excitation.
Microsatellite analysis
Replication error analysis was performed using PCR amplification of 10 microsatellites. These were the dinucleotide repeats D2S123, D5S404, D7S519, D8S255, D10S197, D11S904, D13S175, D15S120, D17S787, and D18S58 (Lothe et al, 1993; Thibodeau et al, 1993; Oswel Synthesis) . The PCR conditions were as described in Table 1 , with 0.2 mM dNTPs and 1 × PCR buffer (Biogene). The tubes were placed in an automatic thermal cycler and denatured for 3 minutes at 94˚C followed by 35 repeated cycles of 94˚C for 30 seconds, annealing at the temperature indicated in Table 1 for 15 seconds and extension at 72˚C for 15 seconds. This was followed by a final elongation step at 72˚C for 2 minutes. A negative PCR reaction control using sterile water in place of genomic DNA was used in all cases. 10 µl of each product was separated by 8% PAGE with 3 µl bromophenol loading dye and visualised by staining with ethidium bromide.
Heteroduplex analysis and MMR gene sequencing
Genomic DNA (100 ng) was amplified using the relevant primers for the 19 exons of hMLH1 and the 16 exons of hMSH2 using the conditions described (Beck et al, 1997) . The PCR products were heated to 95˚C for 3 min then cooled to 37˚C over a period of 30 min to form heteroduplexes before running 10 µl of sample on a 24 cm Hydrolink gel (AT Biochem, UK). Heteroduplex bands were visualised by ethidium bromide staining.
To obtain the sequence, PCR of the relevant region was performed using a biotin tagged forward primer (Oswel Synthesis). A total of 100 µl of the PCR product was run on a 1% NuSieve (Flowgen, Lichfield, UK) low melting-point agarose gel, the PCR band was excised from the gel, and the biotinylated template strand for sequencing was isolated using Dynabeads (Dynal, Liverpool, UK). Sequencing was carried out using a Sequenase Version 2.0 T7 DNA Polymerase kit (United States Biochemical, Cleveland, Ohio, USA), labelling with 35 S-αCTP. Sequencing products were separated on a 6% denaturing urea/polyacrylamide gel and visualised by X-ray autoradiography or on a Fuji phosphoimager.
RESULTS
Tumour and normal mucosa was collected from 33 cases of colorectal neoplasia. Of these, 27 were sporadic and 6 from suspected HNPCC patients (most either MMR gene mutation or Amsterdam criteria positive family history). All patients apart from 2 of the sporadic group had histology reports confirming adenocarcinoma; numbers 17 and 21 in the sporadic group had adenomata with dysplasia ( Table 2 ). Analysis of 10 microsatellite markers in the 27 sporadic tumours revealed 3 (11%) to demonstrate MSI+ in greater than 40% of loci (MSI-high) ( Table 2 ). Loss of heterozygosity (LOH) was also observed with some markers (Table 2 ). An additional one tumour (3%) demonstrated MSI in less than 40% of markers (MSI-low).
After separation of the products of MVR-PCR on a gel by electrophoresis and visualisation, complementary ladders are revealed from each of the two repeat unit specific primers, for normal and tumour DNA. Therefore 4 lanes for each patient are seen on the gel (Figure 1 ). MVR-PCR for the 3 MSI-high sporadic tumours demonstrated consistent alterations compared with normal DNA on several occasions. These alterations included smearing and band loss of the products from tumour DNA. LOH at the D7S21 locus in the tumours can be ruled out as in some positions in the gel both AC or GT bands co-exist. The co-migration of AC and GT bands is only possible if 2 distinct products of the same size are produced from 2 loci. With the 23 MSI-negative tumours and the one MSI-low tumour the above marked changes were not seen between the products from tumour and normal DNA (Figure 1 ) although an occasional aberrant band was observed in tumour DNA.
In the 6 cases with suspected HNPCC, 3 were shown by sequencing to have mutations in the MMR gene hMLH1 and 1 in hMSH2. In the remaining 2 a mutation could not be identified in spite of intensive analysis, including hPMS2 using heteroduplex/ SSCP analysis. One had a kindred satisfying the Amsterdam criteria and the remaining one had right-sided colorectal cancer at 30 years of age but the family history did not meet the Amsterdam Criteria.
Five of the 6 suspected HNPCC cases yielded positive results from analysis by MVR-PCR (Figure 1 and Table 3 ) with band loss and smearing of product from tumour DNA. Only 2 of the 6 demonstrated MSI in 4 out of 10 loci (MSI-high) and an additional one in 3
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Figure 1 DNA from fresh snap-frozen tumour (T) / normal (N) tissues of cases 9 and 13 (MSI stable), and cases 28, 29 and 31 of the HNPCC group (MSI high by microsatellite analysis). For cases 9 and 13 no differences were observed between the tumour and normal bands for either reaction (31 TAG-II-AC or -GT). For cases 28, 29 and 31, both smearing and band loss is seen in the tumour DNA compared to the normal DNA. The marker (lanes 1 and 22) is PhiX174 Hinf I out of 10 (MSI-low). Of the 3 that were MSI stable, 2 had mutations in hMLH1 (Table 3 ). The one patient in this group who was stable on MVR-PCR was MSI stable and no mutation could be detected. In summary, therefore, 8 out of the 33 patients had mismatch repair defects as demonstrated by either MSI or MMR mutation. All 8 of these patients demonstrated minisatellite instability using MVR-PCR.
DISCUSSION
In this study we have shown that MSI-high sporadic colorectal tumours and tumours from patients with germline hMLH1 mutations or other convincing features of HNPCC invariably manifest minisatellite instability by the application of MVR-PCR. This is easily visualised as smearing and band loss comparing normal and tumour DNA. No MSI negative or MSI-low sporadic tumours exhibited these features. Further, in 2 patients with demonstrated hMLH1 mutations and minisatellite instability, MSI was not found even with the use of 10 microsatellite markers. The only patient suspected of having HNPCC, on the basis of clearly satisfying the Amsterdam criteria, who did not manifest instability on MVR-PCR had a left-sided cancer, was MSI stable and had no detectable mutation in hMLH1, hMSH2 or hPMS2. Possible explanations for this observation include a sporadic colorectal cancer in this patient or insufficient tumour material in the sample examined. These observations raise the possibility that MMR deficiency may be easily and reliably detected by MVR-PCR, a technique that utilises a pair of PCR reactions. The findings of this study also may give additional insight into the nature of DNA instability in tumours with MMR deficiency.
Conventionally the DNA instability observed in colorectal cancer is detected by the PCR amplification of microsatellites which are di-and tri-nucleotide repeats found scattered throughout the human genome and are characteristically found in non-coding DNA sequences . Since microsatellite alleles are short in sequence length (up to 100 bp), individual loci may not necessarily manifest DNA instability even though the genome as a whole may be affected. Therefore several microsatellite loci are amplified and analysed per case and if a proportion manifest differences between tumour and normal DNA, then microsatellite instability (MSI) is inferred. Until recently Dietmaier et al, 1997; Boland et al, 1998) , there has been no consensus as to how many microsatellite loci must be altered to diagnose the MSI phenotype. The likelihood of alteration in microsatellites varies from 55 to 91% in different loci in familial colon cancer , and between 12 and 28% in sporadic colorectal tumours Thibodeau et al, 1993) . MMR gene mutations can be found in approximately 70% of patients with familial colorectal cancer (Aaltonen et al, 1994) . In sporadic colorectal cancer with MSI (High) MMR gene mutations are not commonly found but there normally is loss of hMLH1 expression due to epigenetic silencing by methylation of CpG in the hMLH1 promoter (Kane et al, 1997) .
In both minisatellites and microsatellites allelic variability is a feature of the number of tandem repeats . Minisatellites have a total array size of 0.5-30 kb and are also widespread in the human genome (Jeffreys et al, 1991) . Such loci may be amplified by PCR. The usefulness of the information generated is limited by error prone estimates of allele length and equivocal allele identification (Jeffreys et al, 1991 ). An alternative method of typing minisatellite loci is to assay the sequence variation of tandem repeat units. Minisatellite alleles vary not only in the repeat copy number but also in the interspersion pattern of variant repeat units along alleles (Jeffreys et al, 1991 ). In certain rare loci two classes of repeat unit differ only by a single base substitution that either creates or destroys a HaeIII restriction endonuclease site (Neil and Jeffreys, 1993) . MVR-PCR is a further means of analysis of DNA polymorphism in minisatellite alleles by the study of repeat unit sequence variation (Jeffreys et al, 1991) . MVR-PCR generates an extraordinarily variable but unambiguous pattern used in a variety of applications (Jeffreys et al, 1991) . The MS31A locus conforms to these requirements for maximum informativeness in a MVR locus.
DNA mismatches occur during mitotic replication either by incorrect base pairings or by slippage of DNA polymerase on the template strand. Slippage is most likely to occur during replication of long repeating sequences and results in more or fewer copies of the repeat (Neil and Jeffreys, 1993) . The mechanisms for DNA mismatch repair have been extensively characterized in prokaryotes (E. coli) (Strand et al, 1993) and homologous repair systems have also been identified in eukaryotes (Prolla et al, 1994) . These repair processes have also been found in human cell extracts (Thomas et al, 1991) where they have the ability to repair mismatch loops up to 16 bases (Umar et al, 1994) . Loops of this size may develop if the mismatched sequence is longer than the 2 to 3 base pair sequences observed in bacteria.
Prior to the discovery of the RER phenotype and its link with microsatellites, somatic alterations in tumour DNA minisatellites had been recognised (Thein et al, 1987; Armour et al, 1989) . Amplification of minisatellite alleles from tumour DNA revealed band losses, intensification and novel bands when compared to constitutional DNA. Interestingly these were found in a small proportion of colorectal carcinomas. These observations were made prior to the discovery of DNA instability and mismatch repair genes and their role in colorectal carcinogenesis. Spontaneous alterations in allele length have previously been observed in colorectal cancer (Hoff-Olsen et al, 1995) .
The analysis of microsatellite markers in this study was performed before the publication of the recent consensus (Dietmaier et al, 1997) . Although the microsatellites used here have been well evaluated we fully accept that we may have detected MSI in more samples using the consensus panel, particularly if the BAT26 locus had been probed. We (unpublished) and others (Shitoh et al, 1998) have found this locus particularly informative. Nevertheless the principal conclusion of this study would have been unaffected by using more probes as we found minisatellite instability in all of the tumours with a MMR gene mutation and only in MSI (high) sporadic tumours. To date only a limited number of genetic alterations have been examined in the context of MMR deficiency, specifically those associated with diand tri-nucleotide repeats. Although the mechanisms may not be fully understood it appears that MMR deficiency can influence sequence heterogeneity in longer repeat sequences, such as those detected by MVR-PCR. In this study using MS31A, the repeats were still relatively short (20 bp). Further work is required to determine whether the same phenomenon may be observed in other minisatellites, including those with a longer repeat sequence. This will give insight into whether the range of genetic alteration found in MMR deficiency needs to be revised.
In conclusion, this study supports the further evaluation of MVR-PCR, which is a simple and reproducible technique involving 2 PCR reactions, as compared to the 6 required if the consensus panel is used (Boland et al, 1998) . However this study was performed using frozen tissue. We are currently performing work to determine whether the technique may be equally applied to formalin-fixed tissue, essential if it is to have a widespread application.
